OBJECTIVE: To measure leptin, insulin and cholecystokinin (CCK) concentrations in obese women on calorie restriction and to determine their correlation with hunger-satiety ratings. Although it has been proposed to play a role in appetite regulation, the effects of physiological concentrations of these hormones on hunger-satiety in humans have not yet been well established. DESIGN: Prospective metabolic study. A two week`wash-in period' followed by a three-week observation period, during which each subject underwent six measurements of satiety, blood parameters and body weight. SETTING: Energy Metabolism Research Unit, Department of Nutrition Sciences, University of Alabama at Birmingham, Birmingham, Alabama, USA. SUBJECTS: 22 moderately to severely overweight women (mean age: 45 AE 8 y; body mass index (BMI): 33 AE 6 kgam 2 ). INTERVENTION: Energy restriction, in the form of a 3.3 MJ (800 kcal) diet during ®ve weeks. MAIN OUTCOME MEASUREMENTS: Fasting blood levels of leptin, insulin, glucose and CCK, fasting hunger-satiety scores and body weight. RESULTS: The mean ( AE s.d.) fasting serum leptin concentration at the beginning of the observation period was 26.1 AE 15.9 ngaml (range: 6.7 ± 59.8 ngaml). Leptin concentrations correlated positively with body weight (P`0.0001). Furthermore, reductions in body weight were associated with decreases in fasting leptin levels (P 0.002). Leptin concentrations correlated with serum levels of insulin (P 0.0001) and CCK (P 0.06), but in multivariate analysis including insulin, CCK and glucose, only leptin had a signi®cant relationship with satiety (P 0.04). This relationship was linear. CONCLUSIONS: These results con®rm the association between leptin levels, body weight and serum insulin. We also showed that higher serum leptin levels correlated with greater feelings of fullness, a relationship which was not blunted in the more obese subjects. These ®ndings suggest that leptin is a satiety hormone that reduces appetite, even in obese individuals, and that weight gain must be due to other factors, overriding this feed-back regulation.
Introduction
Among hormones suggested to be involved in appetite regulation (that is, cholecystokinin (CCK), insulin and neuropeptide Y), leptin, the gene product of the recently discovered OB gene, 1 represents a new candidate. Recent ®ndings which support the potential central action of leptin as a satiety hormone, include the suppression of food intake in mice given leptin infusions, 2 ± 4 the presence of leptin in human cerebrospinal¯uid, 5, 6 the identi®cation of leptin receptors in the hypothalamus 7 and the suppressive effect of leptin on hypothalamic neuropeptide Y in mice. 8 Therefore, one of the remaining unanswered questions is, whether indeed, leptin acts as a satiety hormone in humans and particularly in obese individuals. For, contrary to speculations that subnormal leptin synthesis may cause obesity in humans, fasting serum leptin levels have been found to be higher with increasing degrees of obesity. 9, 10 This ®nding has led investigators to suggest that obesity is due to resistance to the action of leptin, rather than to mutations of the OB gene, which has not yet been shown in humans. Studying the relationship between leptin and satiety is complex, since leptin does not show an acute response to meals, 10,11 but seems to undergo changes after prolonged changes of energy balance.
11 ± 13 Our study focused on the relationship between fasting hormone levels and hunger-satiety ratings in obese women with steady-state negative energy balance conditions. Negative energy balance has been proposed to be necessary to activate leptin mechanisms, other than its direct relationship with body fat mass. 11 ± 13 To our knowledge, this study represents the ®rst report showing a relationship between serum leptin levels and feelings of hunger-satiety in humans.
Materials and methods

Study design
The study was carried out at the Energy Metabolism Research Unit, Department of Nutrition Sciences, University of Alabama at Birmingham, Birmingham, AL, USA. We studied 22 obese women (age range: 33±62 y; eight African American and 14 Caucasian) with a body mass index (BMI) ranging from 28± 51 kgam 2 . None had diabetes (according to a two-hour glucose tolerance test) or thyroid disease, at the time of entry into the study. During ®ve weeks, they underwent a tightly controlled weight-loss program, in which subjects were provided daily a low-fat, 3.3 MJ (800 kcal) formula diet (Optifast TM Novartis Nutrition Corporation, Minneapolis, MN). The formula provided 50% carbohydrate, 33% protein and 17% fat (food quotient 0.89), such that each subject received at least 100 gad carbohydrate, minimizing the likelihood of ketone body formation. Week 1 and week 2 were considered a`wash-in' period of adaptation to the 3.3 MJ diet. On the ®rst, third and last day of the third and ®fth weeks, the subjects underwent assessments of fasting levels of serum glucose, insulin and leptin, plasma CCK and hunger-satiety ratings between 06.00±08.00 h, after an overnight fast of at least 10 h. Thus, each of the 22 subjects had a total of six assessments of each parameter in the course of the study. On the last day of the third and ®fth weeks, hunger-satiety ratings were also recorded at 0, 15, 30, 60 and 120 min after a test meal, consisting of 1331 kJ (333 kcal) of the formula diet.
The study was approved by the institutional review board at the University of Alabama at Birmingham. All subjects gave informed consent.
Analyses of metabolic parameters and appetite
Serum leptin was measured by a radioimmunoassay (RIA), described by Considine et al.
14 Plasma CCK samples were analyzed using a bioassay described by Liddle et al, 15 which is based on the ability of CCK to stimulate amylase release from isolated rat pancreatic acini. Serum glucose was analyzed by the glucoseaHK method (Boehringer Mannheim) and insulin by the AIA-PACK IRI (TOSOH) method. Ratings of hungersatiety were assessed using a numeric category scale previously described by Haber et al 16 and previously used by us in studies of obese subjects. 17 The scale, which includes reference hedonic phrases at points along a numerical spectrum, affords subjects the opportunity to describe their feelings of hunger-satiety anywhere in a numerical range from 0 (`painfully hungry') to 100 (`full to nausea').
Statistical analysis
The random regression coef®cient model (RRCM) of Laird and Ware, 18 and analysis of covariance (ANCOVA), were used to estimate relationships among the studied parameters and their changes over time. RRCM was preferred for most analyses because, while both methods can accommodate missing data for some participants at random time points, the validity of the strict assumption of parallelism of lines from subject to subject required to estimate pooled within-subject slopes by ANCOVA methods, was more problematic. This model provides an average regression based on the 22 individual regression lines (each comprising six separate measurements of a metabolic parameter and of the hunger-satiety rating), which form the true basis for this analysis. Where appropriate, the estimated ANCOVA pooled withinsubject correlation coef®cients, are also shown. For right-skewed distributions, data were log-transformed prior to analyses. The primary analyses were performed using PROC MIXED of the Statistical Analysis System (SAS).
Results
The study subjects' mean age was 45 AE 8 (s.d.) y. At the beginning of the observation period (week 3) their body weights averaged 87.9AE 12.2 kg and body mass index (BMI) 33AE 6 kgam 2 . Fasting serum leptin concentrations averaged 26.1 AE 15.9 ngaml (range 6.7± 59.8 ngaml). There was a strong positive correlation between fasting serum leptin concentrations and body weight throughout the observation period (by RRCM: P`0.0001; by ANCOVA: r 0.42, P`0.0001). Decreases in body weight during weeks 3±5, which averaged 2.8 AE 1.4 kg, correlated with decreases in serum leptin concentrations (RRCM: P 0.0015; ANCOVA: r 0.43, P`0.0001). In single-variable models, leptin correlated strongly with serum insulin (P 0.0001) and glucose (P 0.002) and weakly with CCK (P 0.056), using the log scale for each parameter. Hunger-satiety ratings demonstrated a positive linear relationship with leptin (P 0.004) and with log 10 leptin (P 0.01); a weak relationship with insulin (P 0.06), glucose (P 0.10) and body weight (P 0.16); and essentially no relationship with CCK (P 0.96). In multivariate analysis, including leptin, glucose, insulin, CCK and body weight, hunger-satiety ratings only correlated signi®cantly with leptin concentrations (P 0.04). Body weight was included in this analysis with the possibility that the relationship of satiety to leptin might have been confounded by the contribution of weight changes to both these parameters. As shown in Table 1 , leptin contributed signi®cantly to hunger-satiety ratings (P 0.04), whereas weight did not (P 0.86). The regression line in Figure 1 describes the signi®cant, positive linear relationship between fasting leptin levels and hunger-satiety ratings. The data depicted in the ®gure, include the scatter in the original data points used as input to the random regression coef®-cients analysis (that is, six data points for each of the Leptin, a satiety hormone in obese women AF Heini et al 22 individuals). To simplify the graphical presentation, we do not show the 22 individual regression lines (each comprised of six separate data points), which are the true basis for this analysis and for the shown regression line. A large part of the apparent variation in Figure 1 is due to different average satiety levels among the 22 individuals, rather than to the differences in their individual regression lines.
In contrast to the above ®ndings of a signi®cant correlation of serum leptin to ratings of hunger-satiety in the fasting state, no correlation could be shown between fasting leptin levels and subjects' postprandial satiety responses to the test meal, measured as area under the curve (AUC, P 0.314).
Discussion
Our ®ndings of an association for circulating leptin levels with body weight and of decreases in leptin with weight reduction, are consistent with previously reported studies. 9, 10 The women in our study were all obese, based on the criterion used by NHANES 19 (BMI b 27.3); however, they represented a wide range of adiposity, favoring correlation analyses. Since the observational period encompassed only three weeks and a relatively small average weight loss (2.8 kg), it is likely that the mechanism underlying the relationship between leptin and body weight is a very sensitive one. Our data also con®rm the previously described relationship between insulin and leptin concentrations in humans. 20, 21 New links have been established between leptin and its speci®c target genes, 22 closing the gap between the mechanism of action of this weight-control hormone and eating behaviors. 23 To our knowledge, however, no one has demonstrated a relationship between leptin levels and feelings of hunger-satiety in humans, thereby building on available evidence that leptin injections reduce food intake in animals 2 ± 4 and that leptin receptors are present in high levels in the hypothalamus. 7 Among the different instruments available to assess hunger-satiety ratings, there is none which is clearly superior. 24 The scale described by Haber et al, 16 which provides descriptive hedonic phrases along a numerical scale, was used in this study, because of our previous experience and success using the instrument to assess hunger-satiety ratings of lean and obese subjects. 17 In the present study, subjects were provided with a formula diet of ®xed energy content, throughout the three-week observation period, in order to minimize the potential confounding effects of food choices and food variety on their ratings of hunger-satiety. In addition, they were not made aware that their ratings were being related to hormone levels or that their ratings might be expected to relate to hormone changes during weight loss. The ®nding of a highly signi®cant relationship between fasting levels of serum leptin and hunger-satiety, in a multivariate analysis including glucose, insulin and CCK, raises the possibility that leptin may play a direct role in weight regulation of humans. Although weight changes may in¯uence the perception of hunger-satiety, indirectly through an energy de®cit, our analysis suggests that the anorexic effect of leptin occurs independently of weight changes.
Inclusion of lean control subjects might have strengthened the analysis of the relationship between leptin and satiety. This was not feasible, since it was our intent to study the effects of energy restriction on the relationship between satiety and leptin levels within individuals, during controlled weight loss.
We cannot rule out the possibility that leptin receptors become more sensitive with the progression of weight loss or that there may be distinct effects of energy restriction and weight loss on leptin sensitivity. There was a broad distribution of values for each of these parameters in this group of mildly to severely obese women (see Figure 1 ). Based on this regression analysis, which appears to be linear, we found no The value 0.1 was added because some CCK measurements were below the limit of detection and resulted in a value of 0.00.
Leptin, a satiety hormone in obese women AF Heini et al evidence in this relatively small study that the relationship between leptin and satiety was weaker or that it reached a plateau at higher body weights. However, to establish the presence or absence of resistance to leptin in terms of its effect on satiety, will entail larger studies including normal-weight subjects. It is perhaps not surprising that fasting leptin levels did not correlate with postprandial satiety, since postprandial leptin concentrations were found not to increase in previous studies. 10, 25 By contrast, we found a signi®cant relationship of serum leptin levels to ratings of hungersatiety, when examined over a more sustained period; that is, as repeated measures taken in the postabsorptive (fasting) state. Since our study provided meals of ®xed energy content ± for weight loss and for measurement of postprandial satiety ± we cannot rule out the possibility that higher fasting leptin levels would result in reduced voluntary food intake. This, however, failed to be shown in an experiment by Karhunen et al, 11 comparing fasting leptin levels and the amount of food eaten by obese women at energy balance.
Conclusion
We con®rmed the previously described relationship between leptin, body weight and insulin. In addition, these preliminary data support the likelihood that leptin is a satiety hormone which is functioning normally to suppress appetite, even at higher body weights. This ®nding is limited to sustained negative energy balance and has to be con®rmed in energybalance conditions. If, as these data suggest, leptin functions as a satiety hormone and greater degrees of adiposity result in greater leptin-induced satiety, then this feed-back system must not be a primary factor in regulating body weight in humans. That is, other internal or external factors (for example, food availability, learned eating behaviors) may override leptininduced satiety and cause weight gain.
